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Abstract 
Perovskite solar cell (PSC) is one of the most promising next generation photovoltaic 
technologies, and there are considerable interests in the role of possible polarization of organic-
inorganic halide perovskites (OIHPs) in photovoltaic conversion. The polarity of OHIPs, 
however, is still hotly debated. In this perspective, we examine recent literature on the polarity of 
OIHPs from both theoretical and experimental points of view, and argue that they can be both 
polar and nonpolar, depending on compositions, processing, and environments. Implications of 
OIHP polarity to photovoltaic conversion is also discussed, and effort in answering these 
questions continues to render us new insights. 
1. Introduction 
Ever since the spectacular rise of perovskite solar cells (PSCs), there have been 
suggestions on possible roles of ferroelectric polarization in their photovoltaic conversion. 
Perovskite materials, particularly oxides, are often ferroelectric, and early theoretical calculations 
indicated that polarization in organic-inorganic halide perovskites (OIHPs) may help charge 
separation and facilitate carrier transport.1 Nevertheless, the ferroelectricity of OIHPs has not 
been firmly established experimentally. In fact, the possible polarity of OIHPs is still hotly 
debated,2,3 and there are considerable theoretical and experimental evidences supporting either 
points of views, as summarized in Table 1 that is updated from Huang et al, 2018.4 As shown in 
Fig. 1, both nonpolar I4/mcm (Fig. 1a) and polar I4cm (Fig. 1b) space groups are possible for 
CH3NH3PbI3 (MAPI),
5,6 and the structural difference is very subtle, making it difficult to 
differentiate by conventional structural characterization techniques such as diffraction. Indeed, 
the structure details of MAPI has not been fully resolved, and the poor stability of the materials 
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makes the problem even worse. In this perspective, we examine recent literature on the polarity 
of OIHPs, and argue that they can be both polar and nonpolar, depending on compositions, 
processing, and environments.  Implications to photovoltaic conversion is also discussed. 
 
Fig. 1 Schematic lattice of nonpolar I4/mcm (a) and polar I4cm (b) space groups for MAPI from 
side and top views. The hydrogen atoms are hidden for simplicity. 
2. Theoretical considerations 
The major structural difference between the polar I4cm and nonpolar I4/mcm phase is the 
orientation of MA cation which has an intrinsic dipole of ~2.3 D.1 In the former phase, the C-N 
dipole shows a “head-tail” alignment along the c axis and displays a large polarization of several 
μC/cm2.7-10 While in the nonpolar counterpart, due to the space group symmetry, each MA cation 
is usually described with partial occupancies with 4 identical positions and thus exhibits no net 
polarization.11 As the orientation of MA just tunes the strength and direction of the hydrogen 
bonds between MA+ and I- that is rather weak (~ 0.09 eV / cation),12 there is only a slight 
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energetic preference between the two phases (< 0.1 eV / unit) and phase transition barrier is quite 
small as well (0.2 eV / unit).7 Such tiny difference makes it easily accessible for the transition 
between the polar and nonpolar phases at room temperature.13,14 On the other hand, the subtlety 
between the two phases also makes the debate regarding polar/nonpolar nature of OIHPs 
noticeably depending on method, model, size, and time-scale in ab initio calculations.7,15 Indeed, 
it should be stressed that we should not only focus on the origin of the polarity in its primitive 
cell, but also the long-range dynamics of the MA cations in a wider vision. Ab initio molecular 
simulation is a versatile method that can consider more operational conditions (such as 
temperature, long-range dynamics etc.) with accuracy. The random order of MA and the phase 
transition between the two phases has been tracked, usually indicating an antiferroelectric nature 
of tetragonal OIHPs.13,14,16 
Table 1 Literature survey on the polarity of OIHPs 
Technique Non-polar I4/mcm Polar I4cm Noncommittal 
X-ray and neutron 
diffractions 
J. Mater. Chem. A. 1, 5628 
(2013); 
Chem. Commun. 51, 4180 
(2015); 
Adv. Funct. Mater. 25, 2378 
(2015); 
Sci. Rep. 6, 35685, (2016); 
Sci. Rep. 6, 30680, (2016). 
Inorg. Chem. 52, 9019 
(2013); 
CrystEngComm. 17, 665 
(2015). 
J. Mater. Chem. A. 3, 9298 
(2015). 
Optic SHG 
J. Am. Chem. Soc. 137, 10456 
(2015); 
J. Phys. Chem. Lett. 7, 2412 
(2016); 
J. Phys. Chem. Lett. 8, 4113 
(2017); 
Nat. Commun. 9, 1829 (2018). 
Proc. Natl. Acad. Sci. 114, 
E5504 (2017); 
Adv. Mater., 30, 1705298, 
(2018). 
 
Macroscopic 
measurements 
Appl. Phys. Lett. 106, 173502 
(2015); 
ACS Energy Lett. 1, 142 
(2016); 
Adv. Energy Mater. 7, 1 
(2017).  
 
Proc. Natl. Acad. Sci. 114, 
E5504 (2017); 
J. Mater. Chem. A. 4, 756 
(2016); 
Curr. Appl. Phys. 16, 1603 
(2016); 
J. Phys. Chem. Lett., 10, 
2522, (2019); 
J. Am. Chem. Soc., 142, 
3316, (2020). 
J. Phys. Chem. Lett., 9, 
4401, (2018). 
Microscopic PFM 
J. Phys. Chem. Lett. 6, 1155 
(2015); 
J. Phys. Chem. C. 120, 5724 
J. Phys. Chem. Lett. 5, 3335 
(2014); 
J. Phys. Chem. Lett. 6, 1729 
J. Phys. Chem. Lett. 6, 
1408 (2015); 
J. Phys. Chem. C. 120, 
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(2016); 
Appl. Phys. Lett. 113, 072102 
(2018);  
Nat. Mater. 17, 1013 (2018); 
Adv. Optical Mater., 7, 
1901451, (2019); 
Energy Environ. Sci. 12, 2537 
(2019). 
(2015); 
J. Mater. Chem. A. 3, 7699 
(2015); 
J. Mater. Chem. A. 4, 756 
(2016); 
Nanoscale 9, 3806 (2017); 
Adv. Funct. Mater., 27, 
1701924, (2017); 
Energy Environ. Sci. 10, 950 
(2017); 
ACS Appl. Energy Mater. , 
1, 1534, (2018); 
Energy Technol., 7,   
1800989, (2019); 
Sci. Adv., 5, eaas9311, 
(2019); 
Adv. Mater., 31, 1806661, 
(2019); 
Adv. Funct. Mater., 30, 
1908657, (2020); 
Adv. Electron. Mater., 6, 
1901235 (2020); 
5724 (2016); 
Sci. Adv., 3, e1602165 
(2017); 
Nat. Commun. 10, 444 
(2019). 
 
TEM 
 Science 359, 675, (2017); 
 
Nat. Commun. 8, 14547 
(2017) 
DFT and MD 
simulations 
J. Mater. Chem. A. 3, 8926 
(2015);  
J. Phys. Chem. C, 122, 177 
(2018); 
Nano Lett. 14, 2584 (2014); 
Chem. Mater. 26, 6557 
(2014); 
J. Phys. Chem. Lett. 6, 693 
(2015); 
J. Phys. Chem. Lett. 6, 2223 
(2015); 
J. Phys. Chem. Lett. 6, 31 
(2015); 
J. Phys. Chem. Lett. 6, 1155 
(2015). 
J. Phys. Chem. Lett., 8, 
4906, (2017) 
 
As aforementioned, the phase transition will cause the reorientation of MA cation and 
change the hydrogen bond, which is very weak and has little contribution to the valence band 
maximum, conduction band minimum or even band gap (~ 0.1 eV fluctuation).17 However, the 
influence of the MA orientation on the band structure cannot be neglected, which will influence 
the photoelectric performance. In the I4cm polar phase, the Rashba effect caused by the spin-
orbital coupling and broken inversion symmetry in the unit cell can be detected by ab initio 
calculations, resulting in splitting of frontier orbitals and the creation of indirect band gap,7,18 
while in the I4/mcm nonpolar phase, the Rashba effect does not exist.11 Furthermore, the 
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orientation of MA cations can give rise to a strong bending in the valence and conduction band, 
both of which might reduce the carrier recombination and assist charge separation.7 From the 
macroscopic perspective, the polarization in ferroelectric domains can suppress the nonradiative 
electron-hole recombination based on the time-domain ab initio study.19 In the charged domain 
wall, its band gap can be reduced by 20-40%, providing segregated channels for charge carriers20 
while assisting the separation of photoexcited electron and hole pairs in favor of the high 
conversion efficiency.1 
3. Experimental evidences 
Given uncertainty associated with two possible tetragonal lattices for MAPI as shown in 
Fig. 1, it is quite natural to carry out detailed structure analysis via X-ray diffraction techniques. 
Nevertheless, the subtle structural difference is rather difficult to resolve, and the data can be fit 
by either polar13,19,21-32 or nonpolar10,11,14,33-43 space groups. Attempts have also been made by 
transmission electron microscopy (TEM),44,45 though the materials are prone to degradation, and 
it is virtually impossible to get an atomically resolved image with one exception, wherein 
HRTEM image acquired from more stable MAPbBr3 (MAPB) shows polar domains.
46 As a 
result, much effort has been devoted to functional probing, as the properties of polar and 
nonpolar groups are drastically different. Macroscopic ferroelectric, pyroelectric, and dielectric 
measurements have also been carried out,21,25,33-36,47,48 though leakage current and ionic 
migration often make the data interpretation ambiguous. While polar structure, with broken of 
inversion symmetry, is expected to be active in optical second harmonic generation (SHG), the 
experimental data are inconclusive as well due to the strong background from other 
nonlinearities.38,49 Absence of macroscopic SHG has been reported,37,49 and it remains a 
possibility that ferroelectric domain size is below laser wavelength. Indeed, spatial resolved SHG 
mapping provided strong evidence on polar domains in MAPI,48 and local polarity can be 
averaged out at macroscopic scale, which highlights the importance of spatially resolved local 
probing. 
Piezoresponse force microscopy (PFM) is a powerful tool to probe the local 
electromechanical coupling at the nanoscale,50,51 and it has been widely applied to study OIHPs.  
Not surprisingly, PFM data reported largely fall into two categories as well, supporting either 
polar22-31,52  or nonpolar10,39-43 structure. In fact, even with quite similar experimental 
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observations, for example characteristic lamellar domain patterns reported by different 
groups,26,53 the interpretations are completely opposite. This is because electromechanical 
responses as probed by PFM can arise from complex microscopic mechanisms,54 especially ionic 
activities, making PFM data analysis for OHIPs nontrivial. This is best illustrated by the recent 
debates in Nature Materials2,3 on the chemical nature of ferroelastic domains in MAPI reported 
by Liu et al,41 and there is no agreement on whether it is ferroelectric or not. The latest 
publication from Liu et al, however, raised an alternative interpretation, that chemical and strain 
gradients induce flexoelectric polarization in MAPI.55 This latest study seems to suggest broken 
symmetry in MAPI more aligned with polar structure, though its microscopic origin is different. 
 
Fig. 2 Alternating polar and nonpolar domains in MAPI. (a) Ferroic domain patterns of a MAPI 
crystal revealed by vertical PFM; (b) The first row: Point-wise tuning of piezoresponse versus 
frequency showing a point in high-response polar domain has dominant first harmonic response 
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and negligible second harmonic one, while a point in low-response nonpolar domain has higher 
second harmonic response; The second row: comparison of first and second harmonic responses 
versus alternating current voltages averaged over a number of points in high- and low-response 
domains. (c) piezoresponses averaged in high-response polar and low-response nonpolar 
domains showing opposite trend with respect to temperature, yet convergence beyond phase 
transition; (d) AFM topography mappings under a sequence of temperature across phase 
transition showing appearance and reemergence of ferroic domains. Adapted by permission.4 
In 2018, we reported an in-depth PFM study4 on single crystalline MAPI,56 with the goal 
to resolve the microscopic mechanisms of piezoresponse probed. We acquired the most 
compelling domain patterns as shown in Fig. 2a, and established distinct mechanisms underlying 
the piezoresponse in adjacent domains, as presented in Fig. 2b, suggesting the coexistence of 
alternating polar and nonpolar structures. In particular, polar domains exhibit predominantly first 
harmonic linear response that arises from piezoelectricity, while nonpolar domains possesses 
predominantly second harmonic quadratic response that arises from ionic motion induced 
electrochemical dipoles.57 This interpretation is supported by the drastically different thermal 
variation of piezoresponses in polar and nonpolar domains, one increasing with temperature, the 
other decreasing with temperature, as shown in Fig. 2c, and they converge above cubic-
tetragonal transition. When the temperature is reduced, original domain configuration is 
recovered Fig. 2d, demonstrating strong memory effect. In our view, this set of data 
unambiguously establish alternating polar and nonpolar domains in our crystal, and this 
observation can reconcile all the inconsistent experimental data and theoretical analysis reported 
in literature. Other PFM studies, on the other hand, rarely examined the linear versus quadratic 
piezoresponses, and thus it is difficult to identify the dominant mechanisms critical for the 
differentiation. Theoretical calculation suggests that the energetic difference between polar and 
nonpolar lattice is tiny, less than 100 meV,7 and thus depending on compositions, processing, 
and environments, the balance can be easily tipped, making both structures possible in 
experiments. In a sense, we all are both wrong and right, that OIHPs can be both polar and 
nonpolar. 
If MAPI is polar, can its polarity be switched? Macroscopically this is difficult to resolve, 
since the data is often smeared by leakage current, ionic migration as well as spatial averaging. 
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Nevertheless, there are a number of recent reports indicating that electric field can indeed 
manipulate the domain structures,27,29,58 pointing toward ferroelectric nature of the domain. The 
unambiguous switching of MAPI domains, however, requires further studies. We also note that 
ferroelectricity has also been reported in  MAPB,59 CsPbBr3,
60  and mixed perovskites.61-63  
 
Fig. 3 Regulation of photocurrent by polar domains. (a) Correlation between PFM (left) and 
photocurrent (middle) of the same area with reduced photocurrent in polar domains; and surface 
potential distribution under light follows ferroic domain pattern in Fig. 2a with negatively shifted 
potential in polar domains; (b) photocurrent distribution in a separate domain pattern at different 
temperatures across phase transition, showing the disappearing domain pattern at 70 oC upon 
heating and its reemergence at 35oC after cooling. Adapted by permission.4 
4. Photovoltaic implications 
It is also important to examine the implications of OIHPs’ polarity, or lack of it, to the 
photovoltaic conversion, otherwise the problem remains largely academic. We have indeed 
observed photo-induced domain switching in MAPI via PFM,52 and similar phenomenon has 
been observed under photo-excited scanning tunneling microscopy (STM).64 The light-domain 
interactions have been studied by Liu et al,65,66 and poling has been shown to shift diode 
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characteristic of MAPI.29 Furthermore, piezoelectric modulations of photocurrent have also been 
observed.67,68 All these studies suggest that polar structure may influence photovoltaic 
conversion process, and to the very least, band bending induced by spontaneous polarization can 
either promote or hinder carrier transport, depending on its direction. Our study in 2018 indeed 
revealed that polar domain possesses smaller photocurrent compared to nonpolar one4 as shown 
in Fig. 3a, and upon heating and cooling across phase transition, memory effect in photocurrent 
analogue to ferroic domains are also observed, as shown in Fig. 3b, confirming modulation of 
photocurrent by domains. Nevertheless, it was also found that while illumination may enhance 
polar response,69 the polarization play negligible role in photovoltaic hysteresis. 
5. Outlook 
Subtle structure difference of MAPI can hardly be resolved by powerful diffraction 
techniques, yet the distinct responses can be well captured by spatially resolved functional 
response. This is demonstrated by powerful scanning probe, though caution must be excised to 
differentiate complex microscopic mechanisms. In this regard, the readers are also referred to a 
recent perspective on dielectric and ferroic properties of metal halide perovskites by Wilson et 
al.,70 who argued that MAPI is a ferroelastic electret, where a spontaneous lattice strain is 
coupled to long-lived metastable polarization states. At the end of day, we may find that 
polarization, whatever exact origins, play just marginal roles in PSCs, but the endeavor often 
brings in unexpected twists. For example, giant electrostriction has been reported,71 which was 
attributed to defect dipoles of Frenkel pairs induced by ionic migration. Here, it seems 
impossible to distinctly separate ionic migration, defect, and polarity, all which will be reflected 
in the experimental observations. With the continuous improvement in materials stability, we are 
hopeful structure characterization techniques such as synchrotron diffractions and scanning 
transmission electron microscopy will ultimately settle the debate.72 So are OIHPs polar or 
nonpolar? That might not be the question, but effort in answering it continues to render us new 
insights.  
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